Introduction
Retinopathy of prematurity (ROP) is a vasoproliferative retinal disorder unique to premature infants. 1 It is characterized by retinal ischemia, neovascularization, and proliferative retinopathy that can lead to a retinal detachment and permanent blindness. There are many pathways and factors involved in the regulation of ROP formation, but the specific pathogenesis is not yet clear. In 1980, when the Hedgehog gene was first discovered in Drosophila, researchers discovered that when a gene mutation occurs, numerous thorns form on fruit fly larvae, in a manner similar to a hedgehog, for which this pathway was named. 2 The Hedgehog signaling pathway consists of the ligand, Hedgehog (Hh); membrane protein receptor, Patched (Ptc); Smoothened (Smo); glioblastoma transcription factor, Gli; and downstream target genes. The researchers confirmed that the Hedgehog signaling pathway is highly conserved in vertebrates and invertebrates and has an important role in the growth and development of many organisms. However, few studies have investigated the role of Hedgehog signal transduction pathway in ROP. We created an experimental mouse model of oxygen-induced retinopathy (OIR) to simulate the occurrence of ROP, which was induced by hyperoxia, to observe the expressions of Smo and Gli1, as well as key factors in the Hedgehog signaling pathway; to evaluate the Hedgehog signaling pathway relationship with vascular endothelial growth factor (VEGF), the main factor of retinal neovascularization (RNV); and to explore the effect of inhibition of the Hedgehog signaling receptor, Smo, on RNV, providing new ideas for the prevention and treatment of retinal vascular diseases.
Materials and methods animals and groups
All experimental animals, operations, and experimental conditions were performed in accordance with the relevant provisions of the "Regulations on the administration of laboratory animals" promulgated by the National Science and Technology Commission of the People's Republic of China. The animal experiments were approved by the ethics committee of Shengjing Affiliated Hospital, China Medical University (ethics number: 2015PS214K). Two hundred 7-day-old, specific-pathogen-free C57BL/6J mice were provided by the Beijing Huafukang Biological Technology Co Ltd. The animals' feeding environment was kept at 23°C±2°C with indoor fluorescent lighting (12-h light-dark cycle), and lactating mice were exchanged every 2 days.
Using a random number table method, the mice were divided into a control group, an OIR group, an OIR-control group, and a cyclopamine group, with 50 mice in each group. The mice in the control group were raised along with lactating mice until they were 17 days old under normal conditions. According to Smith et al's method, 3 the 7-day-old mice in the OIR group, OIR-control group, and inhibitor group were placed in an airtight glass box with an oxygen volume fraction of 75%±2% along with lactating mice for 5 days before returning them to normal air. Then, 12-day-old mice in the OIR group and cyclopamine group were administered an intravitreal injection of 1 μL of phosphate buffer saline (PBS) and 0.8 mg/mL of cyclopamine solution into right eyes, respectively. All experimental mice were sacrificed at 17 days of age and their right eyes were used as experimental tissue.
angiography using adenosine diphosphatase
From each group, ten 17-day-old mice were randomly selected; 10% chloral hydrate intraperitoneal anesthesia and left ventricular perfusion with a 4% polyformaldehyde solution for approximately 5 min were performed, and the eyes were enucleated and fixed for 1 h. Anterior ocular segment was removed and retina was cut into four or five flaps. Retinas were rinsed with TRIS maleic acid buffer (4°C, pH =7.2, 50 mmol/L) for five times (15 min each time). The retinas were then transferred into freshly prepared TRIS maleic acid buffer (37°C, pH =7.2, 0.2 mol/L, containing lead nitrate 3 mmol/L, magnesium chloride 6 mmol/L, ADP 1 mg/mL) for 15 min. Then, the retinas were rinsed with TRIS maleic acid buffer (20°C, pH =7.2, 50 mmol/L) for five times (15 min each time). Then, 1:10 ammonium sulfide was added to color. After rinsing with TRIS maleic acid buffer, retinas were sealed with glycerin gelatin. The retinas were observed and photographed under optical microscope. Image-Pro plus 6.0 software was used to count neovascularization, nonperfused area, and the total retinal area.
h&e staining
From each group, ten 17-day-old mice were randomly selected. Each eye was embedded in paraffin after treatment with 4% paraformaldehyde. Examination of 3.5-μm paraffin-processed cross-sections of mouse eyes was performed, and from each eye, 10 pieces were selected for staining (Xylene-I for 10 min→Xylene-II for 5 min→100% ethanol-I for 3 min→100% ethanol-II for 2 min→95% ethanol for 2 min→80% ethanol for 2 min→wash away ethanol→hematoxylin for 10 min→water flush for 10 min→eosin for 1 min→80% ethanol for 1 min→95% ethanol for 1 min→100% ethanol-I for 1 min→100% ethanol-II for 1 min→Xylene-I for 2 min→Xylene-II for 2 min). Images were captured under a microscope (B201; Olympus, Tokyo, Japan). The number of endothelial cell nuclei in the retinal inner limiting membrane (ILM) was counted using a double-blind method.
immunohistochemistry
We used a biotin-streptavidin HRP detection system (SP-9000; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, People's Republic of China) to perform immunohistochemistry. Formalin-fixed, paraffin-embedded eye tissue sections 
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Expression and function of Hedgehog pathway in OIR (3.5 μm thick) were placed on slides, deparaffinized in xylene, and rehydrated by incubation in graded ethanol baths in PBS. Endogenous peroxidase was blocked with hydrogen peroxide. The sections were then treated with goat serum for 30 min and incubated overnight with the following antibodies: rabbit anti-Smo polyclonal antibody (1:50 dilution; ab72130; Abcam, Cambridge, UK), rabbit anti-Gli1 polyclonal antibody (1:50 dilution; sc-20687; Santa, Santa Cruz, CA, USA), mouse anti-VEGF monoclonal antibody (1:100 dilution; sc-7269; Santa, USA) at 4°C. Subsequently, they were incubated with Biotin-labeled goat anti-rabbit/ mouse IgG secondary antibodies (SP-9000; Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, People's Republic of China) for 15 min at room temperature. The primary antibody was replaced with PBS for the negative controls, and 3,3′-diaminobenzidine was used as the chromogen. The images were observed and captured using an Olympus B201 optical microscope (Olympus, Tokyo, Japan).
real-time polymerase chain reaction (rT-qPcr)
Total retinal RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, USA). The RNA purity was determined using absorbance at 260 and 280 nm (A260/280) using multifunctional enzyme labeling instrument (Synergy H1; BioTek, Winooski, VT, USA). RT-qPCR amplification was performed using a reverse transcription kit (PrimeScript™ RT Reagent kit with gDNA Eraser; RR420A; Takara Bio, Otsu, Japan) after cDNA synthesis (SYBR @ Premix ExTaq™; RR047A; Takara Bio). Primers were designed by and purchased from Sangon Biotech Co Ltd (Shanghai, People's Republic of China). β-actin was used as a normalized control. The mRNA levels of Smo (primers: 5′-GATGTGTCCGTTACCCCTGT-3′ and 5′ -CCTCTTCCTCCGCTTTTTCT-3′ ) , G l i 1 (primers: 5′-TCCAATGACTCCACCACAAG-3′ and
5′-CAACTTCTGGGCTCTTCTCG-3′ and 5′-CCTCTCCTCTTCCTTCTCTTCC-3′), and β-actin (primers: 5′-CCTCCTCCTGAGCGCAAGTA-3′ and 5′-GATGGAGGGGCCGGACT-3′) were analyzed with RT-qPCR. Reactions were performed according to the following protocol: initial denaturation at 95°C for 30 s, 40 cycles consisting of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s, and final elongation at 4°C for 5 min. The 2 −ΔΔCT method was used to quantify the relative gene expression.
Western blot
The total protein was extracted according to the kit. Fifty micrograms of sample were loaded onto sodium dodecyl sulfate-polyacrylamide gels, separated using electrophoresis, and transferred to polyvinylidene fluoride (PVDF) membranes using standard procedures. After blocking with 5% skim milk and washing for 30 min with Tris buffered saline Tween (TBST), the PVDF membrane was immunoblotted with Smo antibody (1:1,000 dilution; ab72130; Abcam), Gli1 antibody (1:1,000 dilution; ab1515796; Abcam), VEGF antibody (1:500 dilution; sc7269; Santa Cruz), and β-actin antibody (1:2,000 dilution; Proteintech, Rosemont, IL, USA) overnight at 4°C. The membranes were then incubated with a horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin G secondary antibody.
statistical analysis SPSS 22.0 software was used for statistical analysis. All statistical data are expressed as mean ± standard deviation (SD). Difference test were analyzed using one-way analysis of variance. Least significant difference t-test was used for each two comparisons. P,0.05 was considered significant.
Results

Quantitative assessment of retinal neovascularization using adenosine diphosphatase
The retinal vessels in the control group were mature. Large vessels were radially distributed from the optic disk to the periphery of the retina. The parapapillary diameter of retinal vessels was thick, and the vessel branches were regular without neovascularization ( Figure 1A) . Compared with the control group, there were a lot of angiogenesis and nonperfusion area from the OIR group ( Figure 1B ) and OIR-control group ( Figure 1C ). In the cyclopamine group, the avascular area, as well as the amount of angiogenesis, was reduced ( Figure 1D ). There were significant differences in the ratio of neovascularization and nonperfused area to the total retinal area (F=74.16, P,0.05). The results of the quantitative analysis for each group are shown in Figure 1E .
Quantitative analysis of vascular endothelial cells
To confirm the inhibitory effect of cyclopamine, examination of 3.5 μm paraffin-processed cross-sections of mouse eyes was performed. Retinal vascular endothelial cell nuclei were rarely seen in the control group; the average cross-section was 4.00±0.63 (Figure 2A respectively. The number of retinal vascular endothelial cell nuclei in the cyclopamine group was obviously reduced; the average was 18.36±9.93 ( Figure 2D ). There was a significant difference among the four groups in the number of vascular endothelial cells in the retina (F=72.87, P,0.05).
The results of the quantitative analysis for each group are shown in Figure 2E .
immunohistochemical staining
Immunohistochemistry was performed to investigate the localization and expression levels of Smo, Gli1, and VEGF in the control group, OIR group, OIR-control group, and cyclopamine group. Figure 3 shows that Smo, Gli1, and VEGF expressions were weakly detected in the ILM, ganglion cell layer (GCL), and inner plexiform layer (IPL) of the control group. In the OIR and OIR-control groups, Smo and Gli1 were spread all over the retinal vessels, as well as the ILM, GCL, IPL, and inner nuclear layer. VEGF expression was widely distributed in almost all layers of the retina, and neovascularization had broken through the ILM. In the cyclopamine group, the target protein was significantly decreased, when compared with the OIR and OIR-control groups. A PBS-negative control had no brown granules. After immunohistochemical staining, the average optical density for each group was significant (F smo =32.12, P smo =0.00; F Gli1 =21.88, P Gli1 =0.00; F VEGF =11.98, P VEGF =0.001). After reverse transcription-polymerase chain reaction, there was a significant difference in the relative expression of mRNA among the four groups (F smo =43.33, P smo =0.00; F Gli1 =130.12, P Gli =10.00; F VEGF =69.35, P VEGF =0.00). The mRNA of Smo, Gli1, and VEGF in the control group demonstrated a weak positive expression, and the OIR and OIR-control groups demonstrated an enhanced trend compared with the control group; the expression of mRNA in the inhibitor group was higher than that of the control group. Figure 4 shows the expressions of Smo, Gli1, and VEGF for each group.
Expressions of Smo, Gli1, and VEGF protein
Western blot was used to detect the expressions of Smo, Gli1, and VEGF in the retinas of mice in the four groups ( Figure 5A and B). There were significant differences in the relative expressions of Smo, Gli1, and VEGF protein in each group (F smo =15.65, P smo =0.00; F Gli1 =14.99, P Gli1 =0.00; F VEGF =30.10, P VEGF =0.00). Three proteins were detected in the control group, indicating that the three target proteins are expressed during normal retinal development. The OIR and OIR-control groups were significantly upregulated. Use of the inhibitor, cyclopamine, can downregulate the expressions of Smo, Gli1, and VEGF protein.
Discussion
ROP is a proliferative vascular retinopathy; the main pathological changes include retinal vascular contraction, capillary degeneration, abnormal angiogenesis, vascular tortuosity, and abnormal retinal blood perfusion. It occurs after 32 weeks of gestation, with a birth weight of less than 1,500 g, along with a history of inhalation of a high oxygen concentration in premature infants or low birthweight infants. During the early stages of pregnancy, there are no blood vessels in the retina; the retinal blood vessels extend from the optic disk to the peripheral retina at 14-16 weeks, reach the nasal side of the limbus at about 36 weeks, and reach the dentate margin at the end of 40 weeks. Because of the relative hypoxic environment of the uterus, the premature and immature retina continues to develop after birth, and the increasing of ambient oxygen content causes the normal growth of retinal vessels to be inhibited. The lack of nutrients from the normal blood vessels in the retina along with the gradually decreasing oxygen concentration leads to a relative lack of oxygen in the retina, thus stimulating pathological angiogenesis. Neovascularization is first seen in the retina that is known as retinal intraretinal microvascular abnormality (IRMA). With time, the new blood vessels will gradually grow into the vitreous cavity, called RNV. 
OIR-control Cyclopamine
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Expression and function of Hedgehog pathway in OIR Different from normal retinal blood vessels, IRMA and RNV cannot complete the functions of blood vessel walls, so plasma can penetrate the retina and vitreous cavity through blood vessel walls. The osmotic fluid destroys the stability of the inner environment of the retina, and the plasma components that infiltrate into the vitreous body can induce vitreous liquefaction, degeneration, fiber proliferation, and contraction. It can lead to serious complications such as a retinal hemorrhage and traction retinal detachment, which can impair vision. 4 VEGF has an important role in the neovascularization process in ROP. VEGF is also known as vascular permeability factor or vasculotropin. VEGF has a key role in wound healing, tumor growth and metastasis, and embryo maturation. [5] [6] [7] It is involved in the regulation of the VEGF pathway and numerous factors. The trigger factors for VEGF in ischemia and hypoxia are key to produce VEGF; cells can generate a great amount of VEGF with hypoxia, which promotes vascular endothelial cell proliferation, migration, and maturation and increases vascular permeability. 8, 9 VEGF is involved in the destruction of the blood-retinal barrier and continues throughout the disease. In recent years, it has been found that VEGF is an important factor in the pathogenesis of ROP, and anti-VEGF therapy has brought new hope for the improvement of retinal function in premature infants. Therefore, research on the mechanism of VEGF regulation and how to curtail the pathological development of VEGF has become an important issue.
Hedgehog signaling is widely found in vertebrates and invertebrates and is highly conserved. It has an important role in the growth and development of many organisms. The Hedgehog signaling pathway can regulate the occurrence of tumors and craniofacial development of animals and participate in the regulation of the homeostasis of the environment; if the signal pathway is inhibited, it can lead to a single eye deformity and a variety of diseases. [10] [11] [12] [13] [14] [15] Recent studies have indicated that the Hedgehog signaling pathway is involved in the regulation of retinal ganglion cell (RGC) proliferation and neurite growth direction; [16] [17] [18] [19] [20] Muller cells promote glia maturation and differentiation, 21, 22 regulate cone cells and rod cells in mitosis and proliferation activity, [23] [24] [25] [26] and control the growth of retinal pigment epithelium cells regarding time and spatial location. [27] [28] [29] [30] Hedgehog family is composed of Sonic hedgehog (Shh), Indian Hedgehog, and Desert Hedgehog in the vertebrate. 31 Shh is the first gene that can regulate the phenotype of RGC which promotes the production of RGC by regulating the critical role of Pax6 in the development of the eye. 32 Smo is a 7-transmembrane protein, which is a member of a G-protein-coupled receptor family and is a key factor in the intracellular transduction of signaling pathways, which activate downstream target genes. Gli (in Drosophila similar protein Ci) has a transcription factor function and is mainly localized in the nucleus and cytoplasm; the signals can be sent from one cell to another cell, activating target genes. Vertebrates have three nuclear transcription factors Gli1, Gli2, and Gli3 that perform their respective duties. Gli1 is the major transcription factor, which has a role in the transcriptional activation of target genes. Gli2 and Gli3 have an important role in activation or inhibition. 34 The Hedgehog signaling pathway has a key role in the development of many ocular neovascular diseases, such as the cornea, choroid, and retina. Fujita et al found that the upregulated expression of Shh leads to corneal neovascularization in alkali burns in rats; 35 exogenous Shh promotes angiogenesis; and a local injection of the specific Hedgehog signaling pathway inhibitor membrane protein receptor, Smo, can shorten the length of peripheral blood vessels. Shh can enhance the formation of capillary endothelial cells in vitro through the VEGF signaling pathway.
Surace et al reported that the Shh pathway was activated in the retina in animal models of retinal and choroidal neovascularization. 36 The expressions of Ptc1 and Gli1 mRNAs were upregulated in choroidal neovascularization in laser-induced retinopathy. Area of neovascularization expanded after using agonist purmorphamine, and the inhibitor used, cyclopamine, could prevent an increase in Shh and decrease the formation of choroidal neovascularization. 37 Yao et al suggested that the Hedgehog signaling pathway is a target gene of platelet-derived growth factor BB (PDGF-BB), which can increase the expression of extracellular signalregulated kinase 1/2 and Akt phosphorylation and thus participate in PDGF-BB-induced endothelial cell migration and recruitment. 38 It has been further demonstrated that the Hedgehog signaling pathway may be the key signaling pathway for ocular neovascularization.
Researchers found that the Hedgehog signaling pathway is involved in the regulation of VEGF in a variety of tumor 
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liu et al tissues and cells. Lin et al studied the pathogenesis of colorectal cancer and observed that with the use of the drug, Hedyotis diffusa Willd, the Hedgehog signaling pathway was inhibited, leading to a significant decrease in tumor microvessel density and VEGF-A, along with its specific receptor VEGFR2, suggesting that VEGF is the target gene pathway. 39 In pancreatic cancer, the expression of Embelin can inhibit vascular markers in cancer cell lines, COX-2, VEGF, VEGFR, and IL-8 by decreasing the amount of Shh protein, thus reducing cancer angiogenesis that can control the metastasis of cancer cells. 40 In cutaneous squamous cell carcinoma, Hh is involved in the proliferation and metastasis of cancer cells; Gli1 can significantly improve tumor incidence and multiplicity; and Smo, Gli1, and cyclopamine can inhibit VEGF expression, tumor invasion, and migration. 41 Hh is involved in the growth of human glioma. In both in vivo and in vitro experiments, we found that VEGF, matrix metalloproteinase-2 (MMP-2), and MMP-9 increased with the activation of Hedgehog signal pathway and decreased with the inhibition. 42 Hedgehog inhibitor GDC-0449 can decrease angiogenesis by decreasing the expression of VEGF-A in hepatocellular carcinoma. 43 In hypoxic ischemic diseases, the Hedgehog signaling pathway regulates the production of VEGF, which is involved in stress response after injury. The expressions of VEGF, Ang-1, Ang-2, and Shh signaling components are increased in astrocytes with oxygen-glucose deprivation. In addition, the expressions of VEGF, Ang-1, and Ang-2 can be decreased with Shh pathway inhibitors. Moreover, exogenous Shh can increase the expressions of VEGF, Ang-1, and Ang-2 through NR2F2. 44 Cardiac fibroblasts will release a large amount of Shh after ischemic injury that can upregulate the expressions of VEGF, SDF-1a, IGF-1, and Shh, thus preventing cellular degeneration. These results suggest that Shh can reduce ischemic tissue damage and promote tissue repair and regeneration. 45 In addition, the Hedgehog signaling pathway can regulate the self-renewal and differentiation of hematopoietic stem cells through VEGF. 46 In embryonic stem cells, Shh can increase reepithelialization and VEGF expression in skin wounds, thus increasing the wound-healing ability of mice. 47 Hedgehog regulates the formation of intersegmental vessels through the VEGF signaling pathway. 48 With the establishment of a variety of animal models on angiogenesis, we have a greater understanding of RNV. The OIR model is used widely. 49 The structure of the mouse retina is similar to that of human retinal blood vessels, meaning that the retinal blood vessels move toward the retinal surface. From the superficial vascular network to the deep retina, the middle and deep retinal vascular networks were formed. The OIR model was used to simulate the formation of ROP. Thus, the occurrence of ROP is based on the immature retinal vascular system and its response to changes in oxygen concentration. In this paper, changes in oxygen concentration during growth after birth were used to simulate ROP and to explore changes in VEGF in the Hedgehog signaling pathway.
The aim of this study was to investigate the relationship between Smo, Gli1, VEGF, and RNV in Hedgehog signaling pathway. The results showed that under normal oxygen concentrations in retinal tissue, Smo, Gli1, and VEGF had a low expression of transcription and protein level; high oxygen induced Smo, Gli1, and VEGF expressions significantly and increased RNV; a large nonperfused area was apparent; cyclopamine could inhibit Smo, Gli1, and VEGF expressions and alleviate ischemia and hypoxia but could not completely curtail retinal damage. The specific reaction necessitates additional study. Thus, we hypothesized that the Hedgehog signaling pathway is involved in the regulation of VEGF in ROP that may be an important regulatory signal involved in retinal physiology and pathology. Inhibition of the Hedgehog signaling pathway may provide a new therapeutic approach for the treatment of ROP.
